INTRODUCTION
Marine diazotrophs are a functional group of heterotrophic prokaryotes and cyanobacteria, which are able to fix dissolved dinitrogen (N 2 ) from the atmosphere. This function offers them an important ecological advantage compared to other microorganisms living in nitrogen-depleted waters. In oceanic and coastal oligotrophic waters, up to 50% of new primary production can be explained by diazotrophic cyanobacteria (Karl et al. 1997) . Highest rates of N 2 fixation were detected on tropical coastal areas from cyanobacterial mats, but their restricted colonized areas do not make them significant contributors to total N 2 fixation (Herbert 1999) . Since the discovery of diazotrophy in the ubiquitous filamentous cyanobacteria Trichodesmium sp., it was believed that this genus was responsible for the majority of N 2 fixation in tropical and subtropical oceanic waters as it can form massive blooms (Capone et al. 1997) . Other oceanic cyanobacteria that are known to significantly contribute to N 2 fixation are intracellular symbionts of diatoms (Richelia sp.) .
Many recent biogeochemical studies have concluded that previous rates of global ocean N 2 fixation have been significantly underestimated and cannot be reconciled with observed Trichodesmium sp. and Richelia sp. abundance (Gruber & Sarmiento 1997 . It has been recently recognized that unicellular pico-and nanoplanktonic organisms (<10 µm) can support a significant amount of N 2 fixation (Montoya et al. 2004 , Garcia et al. 2007 ). These organisms have been identified as unicellular nanoplanktonic cyanobacteria and heterotrophic Bacteria ABSTRACT: In the present study we detected unicellular diazotrophic cyanobacteria along a nutrient gradient in New Caledonia's coral lagoon (24 000 km 2 ) using whole-cell hybridization of specific Nitro821 probes (TSA-FISH, Tyramide Signal Amplification of Fluorescent In Situ Hybridization). The specificity of this probe was confirmed on cultures and in the natural environment. Surprisingly, the community of Nitro821-targeted cells was numerically dominated by picocyanobacteria (97%, 1 to 1.5 µm). These organisms were either free living (63%), recovered with the 0.2 to 3 µm size fraction or associated (37%) to particles or planktonic dinoflagellates from larger size fractions (3 to 10 µm and >10 µm). Diazotrophic picocyanobacterial abundance ranged from 3 to 140 cells ml -1 along the nutrient gradient and was highest at the oligotrophic lagoonal station. These cells may contribute to N 2 fixation from the <10 µm size fraction (4.4 to 8 nmol N -1 24 h -1 ), which was 4 times higher than the >10 µm size fraction (0 to 1.9 nmol N -1 24 h -1
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Resale or republication not permitted without written consent of the publisher and Archaea, which are either free living or associated with other organisms (Zehr et al. 2001 , Falcón et al. 2004b , Foster et al. 2006a . Some of these nanoplanktonic cyanobacteria are maintained in culture collections (e.g. Cyanothece sp. ATCC51142 and Crocosphaera watsonii WH8501), while others have not been observed or cultivated so far, such as Group A. Groups A, B and C represent clusters of mainly unidentified nifH sequences, which are closely connected to Crocosphaera sp. and Cyanothece sp. for Groups B and C, respectively, when group A is weakly affiliated to Group C (Zehr et al. 2001) . Although these cells seem to have a significant effect on nitrogen fluxes, they are 2 or 3 orders of magnitude less abundant than nondiazotrophic marine Synechococcus sp. and Prochlorococcus sp. (Campbell et al. 2005 . Another peculiar characteristic is that Group A has been recently suspected to fix N 2 during the day, while the other unicellular cyanobacteria fix N 2 during the night (Church et al. 2005 ). This feature is very surprising within unicellular diazotrophic cyanobacteria, as it is known that nitrogenase, which catalyses N 2 fixation, is irreversibly inhibited by O 2 (Burgess & Lowe 1996) . As such, diazotrophic cyanobacteria have segregated in time and/or space the O 2 -generating photosynthesis from nitrogen fixation. While most filamentous cyanobacteria have differentiated cells in heterocyst to fix N 2 , unicellular cyanobacteria show photosynthetic activity during the day and diazotrophic activity at night .
The Southwest Pacific harbors regular massive blooms of Trichodesmium sp., which share or alternate in space with Crocosphaera-like cells (Campbell et al. 2005) . Dominant southeast trade winds drive these oceanic waters into Noumea's coral lagoon (New Caledonia), and after 3 to 11 d of residential time they are washed through the coral reef passes (Jouon et al. 2006) . New Caledonia's coral lagoon is one of the largest in the world (24 000 km 2 and 25 m deep on average). It is mainly oligotrophic (0.3 µg chl a l -1 ), but an important concentration of dissolved nitrogen is regularly discharged from Noumea city (132 000 habitants), which increases its chl a concentration 10-fold (3 µg chl a l -1 ) (Jacquet et al. 2006 ) and maintains detectable nutrient concentrations (0.9 µg DIN l , Jacquet et al. 2006) . Filamentous cyanobacteria (Trichodesmium sp. and Richelia sp), as well as planktonic N 2 -fixation activity have been regularly detected inside and outside the lagoon both from >10 µm and <10 µm fractions (Garcia et al. 2007 ). However, unicellular planktonic diazotrophs have never been observed.
To determine the relative contribution of these various groups of unicellular diazotrophs to global oceanic N 2 fixation, it is important to estimate their abundance while simultaneously expressing their specific diazotrophic activity. So far 2 groups of techniques have been used on marine diazotrophs to identify and quantify cells while expressing their N 2 -fixing activities. The first one uses quantitative PCR (qPCR) on nifH genes and transcripts, which code for nitrogenase (Zehr et al. 2001 , Falcón et al. 2004a , and the second one uses transmission electronic microscopy (TEM) associated with nitrogenase immunolocalization (Falcón et al. 2004b , Foster et al. 2006a . Recently Mazard et al. (2004) designed a PCR 16S rDNA primer (Nitro821R coupled with a general cyanobacteria primer Cya359F) to specifically target a group of unicellular diazotrophic cyanobacteria (i.e. UCN 2 -Fix lineage). This was possible as nifH is one of the oldest functional genes and has coevolved with 16S rDNA (Hennecke et al. 1985) . Therefore phylogenetic trees based on 16S and nifH genes have strong similarity (Zehr et al. 2003) . With this novel approach in the field of unicellular diazotrophs, Mazard et al. (2004) successfully detected and quantified the targeted cells along an oceanic transect in the Arabian Sea.
In the present study the use of Nitro821R primer was first tested as a fluorescent probe on unicellular cyanobacterial cultures and environmental samples using the TSA-FISH (Tyramide Signal Amplification of Fluorescent In Situ Hybridization) technique. In order to find out if the Nitro821-targeted cells could be active diazotrophs, cell abundance was compared with 15 N 2 -fixing activity from different size fractions. A second aspect of our work was to investigate whether the nutrient gradient from Noumea's lagoon influences the abundance and distribution of unicellular diazotrophic cyanobacteria. Finally, by processing different size fractions, we described whether the cells were free living or associated with particles or organisms. Two size fractions were collected, >10 µm and 3 to 10 µm, for filamentous and nanoplanktonic cells, respectively. The filtrates from the 3 µm filter were also collected on a 0.2 µm pore size filter as a negative control for the Nitro821 probe, as this probe was first suspected to target only nanoplanktonic unicellular cyanobacteria. (Fig. 5 ), samples were taken at Stns B, C, D and E at 3 different depths (0.5, 10 and 20 m), apart from Stn E where only subsurface water was sampled (0.5 m). For additional N 2 -fixation experiments over the daylight period (12 h), samples were taken only at Stns C and D at 3 depths (Fig. 5) . Apart from the 12 h incubation experiment on Stn D all other samples for both TSA-FISH and 15 N 2 experiments were collected simultaneously.
MATERIALS AND METHODS

Strains
TSA-FISH. Before hybridization, cyanobacterial cultures were collected on 0.2 µm pore-size ISO-PORE TM 47 mm diameter membrane filters (Millipore), and water samples were size fractionated. According to oligotrophic status, filters were more or less quickly saturated and different volumes of waters were filtered through the 10 or 3 µm membranes by gravity. The amount of seawater to be filtered was defined by changes of flow through membranes. Between 400 ml and 4 l were filtered by gravity through 10 µm ISO-PORE TM 47 mm filters. Between 200 ml and 1 l of filtrate were then collected by gravity on 3 µm ISO-PORE TM 47 mm filters. Finally, 200 ml of filtrate were collected under 200 mm Hg vacuum on 0.2 µm ISO-PORE™ 47 mm filters. Once collected, cells were fixed with 1% paraformaldehyde (pH 7.2, buffered with PBS and clarified by filtration, Sigma-Aldrich) at room temperature for 15 min. Cells were subsequently dehydrated with 100% EtOH molecular grade at room temperature for 10 min and stored at -80°C or in liquid nitrogen until further analysis.
Hybridizations were done according to Biegala et al. (2002) with slight modifications. Probes (Table 1) were purchased HRP (Horse Radish Peroxidase) labeled (Thermo Electron Corporation). Before hybridization, filters were thawed and quickly dipped in warm 0.07% agarose (1500 g cm -2
, Eurogentec) and dried at 37°C for 10 min to avoid cell loss. Cells on filters were either stored back at -80°C or further processed. To allow , SigmaAldrich) at 37°C for 1 h and in 60 U ml -1 acromopeptidase (3200 U mg -1 , Sigma-Aldrich) at 37°C for 30 min. Each enzyme treatment was followed by 3 rinses in Milli-Q sterile water, 10 min in 100% EtOH and drying at 37°C. At the latter step, cells could be either stored back at -80°C or processed for hybridization steps and TSA reactions. To check empiric Nitro821 probe specificity, a range of stringent hybridization conditions was tested on cyanobacteria cultures (hybridization temperature and salt concentrations were kept constant, when formamide concentration varied from 20 to 65%, data not shown). The best compromise between fluorescence intensity from positive hybridization and probe specificity was achieved at 50% of formamide concentration in the hybridization buffer. This stringent condition was then used for hybridizations on cultures and natural samples (Figs. 2 & 3) . . Differences between FITC-labeled cells and remaining autofluorescence of phytoplanktonic cells were checked under a different dichroïc filter (480 ± 20 ex., 535 ± 40 short pass em.), which removed the entire orange-or red-emitted wavelength and allowed only the green stain to be seen.
The entire surface of each filter portion was counted, corresponding to 20-25 microscopic fields. According to oligotrophic conditions, filter surfaces corresponded to 7-12 ml of water for the 0.2 to 3 µm size fraction, 9-56 ml for 3 to 10 µm and 27-250 ml for >10 µm. For all 3 size fractions, diazotroph counts were acquired with the 40× objective. A second count was done with the 10× objective on the 3 to 10 µm and >10 µm size fractions to count only nanoplanktonic unicellular diazotrophs. At that magnification picoplanktonic cells were not seen. Picoplanktonic cell counts were obtained by subtracting counts (Fig. 4) .
Nitrogen fixation. Nitrogen-fixation rates were determined on prefiltered (<10 µm or >10 µm) seawater using the high-sensitive 15 N 2 tracer method (Fig. 5) as described by Garcia et al. (2007 . Arrows point to picoplankton cyanobacteria diazotrophs either free living (A 1 , A 2 ) or attached to inert particles (C 1 ). Scale bars = 10 µm done over 24 h, when the daylight experiment was run for 12 h from sunrise to sunset. Incubations were performed in simulated environmental conditions in an opaque incubator equipped with a light screen which allowed 50% light penetration.
RESULTS
Probe specificity
To test the specificity of the Nitro821 probe (Table 1) , which targets unicellular cyanobacterial diazotrophs, 3 non-axenic unicellular cyanobacteria cultures (Cyanothece sp., Gleocapsa sp. and Synechocystis sp.) were used. Among the 3 strains, only the nif H containing Cyanothece sp. was successfully hybridized by the Nitro821 probe (Fig. 2) . A positive control for hybridization was done using the general Bacteria probe Eub338 (Table 1 ). All 3 cyanobacterial strains, as well as heterotrophic bacteria, showed a positive signal with the Eub338 probe (Fig. 2) .
In the natural environment the Nitro821 probe hybridized to unicellular cyanobacteria from an unexpectedly wide range of cell sizes (1 to 1.5 µm and up to 13 µm, Fig. 3A 1 -C 4 ) , while the filamentous cyanobacteria Richelia sp. and Trichodesmium sp. showed only remnants of natural orange autofluorescence as they were not hybridized by the Nitro821 probe (Fig.  3C 5 ,C 6 ). To confirm that the Nitro821 probe targets were cyanobacteria, a double hybridization experiment was done on 3 size fractions, with the general Cya664 probe, specific for cyanobacteria (Table 1) . Double hybridization was positive for every Nitro821 probe target (data shown only for the picoplankton size fraction 0.2 to 3 µm, Fig. 3A 1 ,A 2 ).
Cell abundance
In Noumea's coral lagoon, the abundance of Nitro821 probe targets ranged from 3 to 140 cells ml -1 along the nutrient gradient (Fig. 4) , while hardly any larger filamentous diazotrophs (Trichodesmium sp. and Richelia sp.) were observed (Fig. 3C 5 ,C 6 ). Picoplanktonic (< 3 µm) cyanobacteria largely dominated the targeted community, representing 97% of the total abundance. These small cells were recovered in all size fractions investigated. The remaining 3% were nanoplanktonic (> 3 µm), two-thirds of them were in the 3 to 10 µm fraction and one-third in the >10 µm fraction (Fig. 4) . Among the picoplankton cyanobacterial diazotrophs, 63% were free living and 37% were associated to inert particles (Fig. 3B 1 ,C 1 ) or intracellular of eukaryotes (Fig. 3B 2 ,B 4 ,C 3 ). These organisms were mainly dinoflagellates, which were easily recognized by their high DNA content (DAPI micrographs in Fig. 3B 2 ,B 4 ,C 3 ) and condensed chromosomes (data not shown). Within dinoflagellates, targeted cells had different shapes and sizes, either grouped in clusters around the nucleus (Fig. 3B 4 ) or spread all over the eukaryote's cytoplasm (Fig. 3C 3 ) . Up to 60 cells were detected within a dinoflagellate. The distribution of picoplanktonic cyanobacterial diazotrophs was heterogeneous in the water column and along the nutrient gradient, reaching a maximum and a minimum in the middle and outside Noumea's lagoon, respectively (Stns D and E, Figs. 1 & 4).
Diazotrophic activity
Results from the 15 N-tracer experiments showed significant nitrogen fixation in the <10 µm fraction, which was 4 times higher than the >10 µm fraction (Fig. 5) . This was true whether the rates were measured over 24 h incubation or over 12 h, from sunrise to sunset (Fig. 5) . Although the 12 and 24 h incubations were done simultaneously only for Stn C and with 1 d delay for Stn D, N 2 fixation by day was high (average 5.3 nmol N l -1 12 h -1 , n = 12) and could explain 78% of the average activity measured over 24 h (6.8 nmol N l ). Diazotrophic activity did not correlate with the Nitro821-targeted cell number from both the <10 µm and >10 µm size fractions.
DISCUSSION
In the present study we confirmed that the Nitro821 probe was specific to aerobic unicellular diazotrophic cyanobacteria, such as Cyanothece sp. PCC 8801 (also called Synechococcus sp. RF-1), and to other Crocosphaera-like cells recovered from the natural environment (Zehr et al. 2001 , Fig. 3B 3 ,C 2 ). As predicted, the Nitro821 probe did not label cultures of pico-and nanoplanktonic non-diazotrophic cyanobacteria (Gleocapsa sp. and Synechocystis sp., Fig. 2 ), nor filamentous diazotrophic cyanobacteria from Noumea's lagoon (Trichodesmium sp. and Richelia sp., Fig. 3C 5 ,C 6 ) . Furthermore, the general cyanobacterial probe Cya664 double labeled the Nitro821-targeted cells (Fig. 3A 1 ,A 2 ) . Since Mazard et al. (2004) 's first description, the specificity of the Nitro821 probe was checked over the entire 16S and 18S rDNA GenBank database and remained stable. The probe showed several mismatches with heterotrophic Bacteria or Archaea and marine filamentous cyanobacteria. As such, it is unlikely that Nitro821-labeled picocyanobacteria would be spores or baeocytes from benthic filamentous cyanobacteria or heterotrophic picodiazotrophs.
The population of cells targeted by the Nitro821 probe, specific for the unicellular diazotrophic cyanobacteria, belonged essentially to the picoplanktonic size fraction. This result was surprising as the nif H gene has never been recovered from the marine picocyanobacteria Prochlorococcus sp. or Synechococcus sp. (Palenik et al. 2003 , Dufresne et al. 2005 . Both genera are known to be abundant in the Southwest Pacific oligotrophic waters (Campbell et al. 2005 , Jacquet et al. 2006 . To support the presence of pico-and nanoplanktonic unicellular diazotrophs in Noumea's coral lagoon, a significant N 2 fixation was measured in the <10 µm fraction (Fig. 5) . Similar rates of N 2 fixation from the <10 µm fraction have previously been measured in adjacent oceanic waters at similar times of the year (Garcia et al. 2007) , from the Northern Pacific, Arafura Sea and Northern Atlantic (Falcón et al. 2004a , Montoya et al. 2004 ). These rates were assigned to diazotrophic unicellular cyanobacteria from Groups A, B or C and to a lesser extent heterotrophic Proteobacteria. In addition, it is interesting to stress that 78% of the 15 N 2 fixation was done during the daylight period, at least for Stns C and D (Fig. 5) . However, all known nanoplanktonic diazotrophic cyanobacteria affiliated to Groups B or C are diazotrophically active at night in the natural environment, when Group A and heterotrophic bacteria have been shown to express their nif H at day (Church et al. 2005 , Foster et al. 2006b ). As the newly discovered Nitro821-labeled picocyanobacteria numerically dominated the <10 µm fraction (Fig. 4) , it is probable that they contributed to the daylight N 2 fixation from this small fraction. However, changes in N 2 fixation and Nitro821-targeted cell abundance were not correlated. This may reveal either the presence of organisms not targeted by the Nitro821 probe, such as Proteobacteria, and/or important single-cell variability in N 2 -fixing activity. This latter hypothesis is probable as a lack of correlation between nif H copy and transcript numbers have been shown previously within cyanobacterial Groups A and B ). The high numbers of Nitro821-labeled picocyanobacteria in all size fractions and the significant daylight 15 N 2 fixation allow us to hypothesize that the newly discovered picocyanobacteria from the present study could be affiliated to Group A. Group A diazotrophic cyanobacteria were recently suspected to belong to the picoplanktonic size fraction and to have their 16S rRNA amplified by Nitro821 and Cya359 primers (Mazard et al. 2004 ).
The picoplanktonic Nitro821-targeted cells reached a maximum of 10 2 cells ml -1
, which makes them difficult to detect among the non-diazotrophic picocyanobacteria which are major contributors to the lagoon chl a (10 4 to 10 5 cells ml -1 , Figs. 3A 2 & 4) (Jacquet et al. 2006) . The concentration of fluorescently labeled picocyanobacteria agrees with the concentration of nif H copy numbers of unicellular cyanobacteria from various oceanic and coastal waters, including Australian coral lagoon (Mazard et al. 2004 . Although picocyanobacteria were numerically dominating the diazotrophic cyanobacterial community at every station, their highest concentration was detected at the most oligotrophic station from the lagoon (Stn D, Figs. 1 & 4) , where DIN and chl a concentrations were typically 0.2 µmol l -1 and 0.25 µg l -1
, respectively (Jacquet et al. 2006 ). This high concentration was expected as diazotrophs can sustain their nitrogen needs by fixing dissolved N 2 from the atmosphere, when other plankters will be limited by these oligotrophic conditions. However, similar oligotrophic conditions are present outside the reef barrier (Stn E, 0.2 µmol DIN l -1 and 0.2 µg chl a l -1 ) (Jacquet et al. 2006) , but low concentrations of diazotrophic picocyanobacteria were detected. Both stations can receive sporadic nutrient inputs either from Noumea city and nearby river discharge (Stn D) or from local barrier reef upwelling (Stn E). These sources of enrichment are mainly driven by wind force and direction and do not necessarily occur simultaneously (Jouon et al. 2006 ). These inputs might carry phosphorus, which is important for diazotrophic cyanobacterial growth (Mills et al. 2004) . Beside a bottom-up control of the unicellular cyanobacterial diazotrophs, a top-down control of this community by predation activity may contribute to local changes in Nitro821-targeted cell concentration.
Among the diazotrophic picocyanobacteria we show that one-third of their concentration was associated with inert particles or intracellular of dinoflagellates within the 3 to 10 µm and >10 µm size fractions. Most of these associations were recovered in the nutrientrich Stns A, B and C (Fig. 4) . This is probably because these stations have a higher concentration of particulate organic matter than the most oligotrophic ones (Jacquet et al. 2006) . The cells are either passively trapped on inert particles (Fig. 3B 1 ,C 1 ) or may be chemically attracted towards these microenvironments as they may have found essential nutrients for growth, such as phosphorus and biologically available iron. Both elements have been shown to control diazotrophic activity (Mills et al. 2004 ). Nitro821-labeled cells have also frequently been observed intracellular of dinoflagellates, with up to 60 targeted cells spread over a eukaryote cytoplasm (Fig. 3C 3 ) . Based on the fact that a high fluorescent signal was recovered with the rRNA-targeting Nitro821 probe, it is argued that cells were in a good physiological state at the time of sampling and were probably cyanobionts. Similar signal intensity has been previously detected in eukaryotes harboring intra-cytoplasmic or intra-nuclear prokaryote symbionts (Alverca et al. 2002 , Biegala et al. 2005 . Non-thecate dinoflagellates are abundant in Noumea's lagoon (Jacquet et al. 2006 ) and cyanobionts from pico-and nanoplanktonic sizes were recently revealed in Histoneis sp., a tropical non-thecate dinoflagellate (Foster et al. 2006a ). Foster et al. (2006a,b) demonstrated that nitrogenase was expressed at night at least in one nanoplanktonic cell, which looked like Cyanothece sp. ATCC51142. The present study provides the first evidence of potential N 2 -fixing picoplanktonic cyanobionts (Fig. 3C 3 ) .
In conclusion, the use of whole-cell hybridization of specific Nitro821 fluorescent probes proved to be a useful technique in the field of marine nitrogen fixation by revealing for the first time the presence of diazotrophic picocyanobacteria. In Noumea's lagoon these picocyanobacteria were numerically dominating the community of cyanobacterial diazotrophs. They were mainly free-living organisms but also associated to particles and probably symbionts of non-thecate dinoflagellates. In addition, they were present at high concentrations over a large range of nutrient levels during austral spring 2005 when other planktonic diazotrophs were not abundant. Further studies will be necessary to prove the identity of these Nitro821-targeted picocyanobacteria and quantify their specific contribution to global N 2 fixation. 
